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Although both early and late-time modifications of the ΛCDM model have been proposed to
address the Hubble tension, compelling arguments suggest that for a solution to be successful it
needs to modify the expansion history of the universe prior to recombination. This greatly increases
the importance of precise CMB observations, and in this letter we make the argument for CMB
spectral distortions, highlighting their potential role in constraining models that introduce significant
shifts in the standard ΛCDM parameters, such as the scalar spectral index, in attempt to solve the
Hubble tension.
In the last decade we have witnessed the emergence
of an increasingly strong tension between the value
of the local expansion rate of the universe, H0, in-
ferred from the early-time measurement of the Cos-
mic Microwave Background (CMB) radiation by Planck,
H0 = 67.4± 0.5 km/(s Mpc) [1], and the one reported by
the SH0ES collaboration based on the observation of the
local environment by the Hubble Space Telescope (HST),
H0 = 74.03± 1.42 km/(s Mpc) [2] (see e.g., Fig. 17 of
[3] for a nice historical overview on the evolution of this
tension). Furthermore, in recent years also a variety of
other cosmological probes, ranging from the combination
of Baryon Acoustic Oscillation (BAO) and Big Bang Nu-
cleosynthesis observations [4] to lensed quasars [5], have
helped consistently provide evidence for the presence of
this tension (see e.g., Fig. 1 of [6] and related text for a
complete overview).
Although other minor tensions between the currently
available observations exist (see e.g., [6] again), this dis-
crepancy is particularly interesting in the cosmological
context as it represents the first considerable inconsis-
tency (above 4σ) of the otherwise extremely successful
ΛCDM model. As such, it motivated the development of
a number of extensions of the ΛCDM model that could,
in principle, alleviate this H0 tension. In this regard,
one can define two very broad classes of models: those
that attempt to modify the history of the universe at
early times, i.e., prior to recombination, and those that
increase the Hubble rate at late times. Examples of the
former class are Early Dark Energy (EDE) (see e.g., [7–
11]), self-interacting neutrinos (SIν) (see e.g., [12–16])
as well as models including additional light relics (see
e.g., [17]), decaying dark matter (DM) (see e.g., [18]),
scenarios allowing for extra radiation (see e.g., [19, 20]),
and models that involve DM-dark radiation interactions
(see e.g., [21, 22]). Very recently, also primordial mag-
netic fields have been shown to successfully address the
tension [23]. On the other hand, popular late-time mod-
els involve other types of decaying DM (see e.g., [24]), in-
teractions between DM and Dark Energy (DE) (see e.g.,
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[25–27]), modified gravity (see e.g., [28] and references
therein) and alternative parametrizations of the DE fluid
(see e.g., [29, 30]). Of course, several other scenarios have
been proposed that do not fall under this classification,
such as e.g., [31–33].
However, it has been convincingly argued in a series of
works [19, 34–36] that models attempting to modify the
expansion history of the universe at late times are incom-
patible with the combination of BAO and Supernovae Ia
data (see e.g., Figs. 2 and 3 of [34] for a graphical de-
piction). The reason for this is that the H0 tension can
be transposed in a physically more informative tension
in the H0 − rs plane, where rs is the sound horizon at
recombination time. Then, as can be seen e.g., in Fig. 13
of [19], in this new plane the deviation from the ΛCDM
prediction needs to happen in both directions, i.e., both
H0 and rs have to be modified by a given model in order
to successfully solve the tension. However, as rs is only
affected by the history of the universe prior to recombi-
nation, late-time modifications of the ΛCDM model are
intrinsically incapable of fully solving the H0−rs tension.
This idea points towards the fact that scenarios pre-
dicting early-time deviations from ΛCDM seem to be fa-
vored as possible solutions of the H0−rs tension. There-
fore, in order to better evaluate the additional free pa-
rameters introduced by the given models and distinguish
between them, future CMB probes with improved sensi-
tivities will prove crucial. For instance, as already argued
in [8], the advent of CMB-S4 [37, 38] will allow to un-
ambiguously confirm or rule out the presence of several
EDE models. Also, as evident from Fig. 6 of [13], the
inclusion of currently available polarization data already
enables to tighten the bounds on the region of the char-
acteristic bi-modal posterior distribution that is able to
alleviate the H0 − rs tension in the particular SIν model
considered there. Therefore, up-coming more advanced
CMB experiments, such as the Simons Observatory [39],
will significantly help to test this type of scenarios [40].
With this in mind, in this letter we discuss the role
that CMB spectral distortions (SDs) will be able to play
in constraining models that attempt to solve the Hubble
tension by affecting the expansion history of the universe
prior to recombination and thereby introduce significant
shifts in the best-fit values of the ΛCDM parameters,
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2such as the scalar spectral index. For further discussions
on possible applications of SDs to the Hubble tension
see [41].
CMB SDs (see e.g., [42–55]) are deviations of the
CMB energy spectrum from a pure black body shape.
They are formed prior to recombination1 (up to redshifts
z ' 2 × 106) whenever energy is injected or extracted
from the photon bath, or when the number density of the
CMB photons is modified. Therefore, they are predicted
to exist even within the ΛCDM model due to the pres-
ence of effects such as the adiabatic cooling of electrons
and baryons, and the dissipation of acoustic waves. As
shown for instance in Fig. 1 of [55], the ΛCDM parame-
ter to which SDs are most sensitive is the scalar spectral
index ns, followed by the amplitude of the primordial
power spectrum (PPS) As, with only a mild dependence
on the baryon and DM energy densities ωb and ωcdm.
Via this strong dependence on the characteristics of the
PPS, SDs are a particularly suited probe to test a va-
riety of inflationary scenarios over scales completely dif-
ferent and complementary to those already constrained
by CMB anisotropy measurements [55, 57–64]. Further-
more, SDs can be very sensitive also to energy injections
from exotic models such as decaying DM [46, 49, 52, 65]
and evaporating primordial black holes [52, 66, 67], as
well as to interactions between DM and baryons or pho-
tons [68, 69], and to Axion-Like Particles [70, 71].
There is, however, another class of models that could
introduce deviations in the observed SD signal from the
ΛCDM prediction, and it will be the focus of this work.
In fact, considering for instance the case of EDE, al-
though this model does not directly create any non-
standard contribution to the ΛCDM SD signal, signif-
icant shifts in several of the ΛCDM parameters are to
be expected when the sound horizon is modified by the
introduction of an additional DE-like component prior
to recombination (see e.g., the introduction of [9] for a
detailed discussion as well as Table I and Fig. 3 of [8]
for a quantitative and graphical overview). Indeed, the
EDE fluid tends to suppress the growth of perturbations
when it is non-negligible in the energy budget of the uni-
verse and, in order to preserve the accuracy of the fit to
CMB anisotropy data, this needs to be compensated by
a combination of an increased DM component and scalar
spectral index. Eventually, this introduces strong degen-
eracies between e.g., ns and the EDE parameters such
as the fraction of energy density of the EDE component
fEDE. Therefore, since SDs are very sensitive to changes
in ns, they can also effectively constrain the specific EDE
parameters by breaking the aforementioned degeneracies,
and ultimately reduce the model’s ability to solve the
Hubble tension.
1
Note that SDs are created also at late times by the Sunyaev-
Zeldovich effect [56], but we will not discuss these contributions
any further within this work.
This type of behavior is by no means exclusive of EDE,
but applies, for instance, also to the SIν model considered
in [13], as evident from Fig. 6 therein, as well as to
the interacting majoron-neutrino scenario presented in
[15, 16] (see e.g., Table I of [15]). Also models including
evolving scalar fields such as the one discussed in [17]
display similar features, as clear from Tab. 3 and Fig. 6
therein.
Thus, in order to concretely quantify the constraining
power of SDs for this class of models, here we consider
as a test-case the EDE scenario. As already mentioned
above, the effects that this model has on the ΛCDM pa-
rameters are typically shared by many other scenarios,
making the discussion presented here a proof of princi-
ple meant as general statement on the constraining po-
tential of SDs, rather than the specific application to a
single scenario. For this reason, we also neglect possible
model-dependent effects that could cause non-standard
deviations in the SD signal and only focus on the ΛCDM
contributions. Moreover, this choice also goes beyond the
ongoing debate on whether Large-Scale Structure data al-
ready disfavors the EDE scenario or not, see e.g., [9, 10]
and [7, 8, 11] respectively, since here we focus purely on
the features that the model imprints on the cosmological
parameters, and not on the model itself.
For the numerical evaluation of the different cosmo-
logical quantities affected by EDE, we incorporate the
implementation of the EDE model presented in [9] in
the version 3.0 of the Boltzmann solver class [72, 73],
which now allows for the computation of SDs as recently
presented in [52, 55]. For the total SD signal (henceforth
also referred to as ΛCDM prediction) we include only the
dissipation of acoustic waves and the adiabatic cooling of
baryons and electrons.
With this combination of class versions it is first of all
very instructive to compute the deviations from the SD
signal predicted by ΛCDM caused by assuming EDE as
a cosmological model. We show the results in Fig. 1.
There, we assume for the ΛCDM model the parame-
ter set given by the mean values of the left column of
Tab. I of [8], and change in turn every given parameter
(leaving the others fixed to the ΛCDM values) according
to the EDE mean values given in the middle column of
Tab. I of [8] (n = 3). This allows to follow the impact
that the variation of each parameter individually has on
the SD signal. As it turns out, the strongest modifica-
tion is given by the shift in the scalar spectral index ns,
which nearly perfectly overlaps with the “EDE” predic-
tion (black dashed line) computed assuming the full set
of EDE mean values. Every other modification has only
an impact of less than 0.5%, either because the parame-
ter itself is not affected by the model or because SDs are
not sensitive to it.
Note, however, that the fact that SDs are only mainly
sensitive to one single cosmological parameter is not a
problem. In fact, as already mentioned before, the in-
clusion of an SD probe would, in principle, significantly
contribute to break the degeneracies involving the scalar
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Figure 1: Deviations from the SD signal predicted by ΛCDM
caused by assuming EDE as a cosmological model. The top
panel shows the difference ∆(∆I) = ∆IΛCDM − ∆IEDE be-
tween the ΛCDM distortion spectrum ∆IΛCDM computed as-
suming the mean values given in the left column of Tab. I
of [8] and the SD spectrum ∆IEDE obtained by fixing a given
cosmological parameter (or a combination of them) to the cor-
responding mean value obtained for the EDE model as given
in the middle column of Tab. I of [8] (n = 3) while keeping
all the others fixed to the ΛCDM values. The case labeled
“EDE” (black dashed line) assumes all parameters to follow
the EDE mean values. The curves in both panels are multi-
plied by the factor reported in brackets in the legend. The
ΛCDM spectrum, ∆IΛCDM, is shown in dashed gray multi-
plied by a factor of 10
−2
as a reference. The bottom panel
shows the same curves as the top panel, but in relative units.
spectral index, and thus indirectly also reduce the er-
ror bars on other parameters, such as fEDE, and in turn
also H0.
2
As this type of correlations can be quantitatively cap-
tured, for instance, by means of Monte Carlo Markov
Chains (MCMCs) parameter scans sampling the different
cosmological parameters involved, here we make use of
the parameter extraction code MontePython [74, 75]
in combination with the class implementation already
introduced before. In particular, we repeat the analysis
already performed in [8] as baseline for the ΛCDM and
EDE predictions (assuming n = 3 for the EDE case, see
2
This logic is very similar to how SDs could improve the bounds on
the reionization optical depth τreio, although not directly sensi-
tive to it, by breaking the well-known degeneracy this parameter
shares with the amplitude of the PPS (see e..g, [55] for additional
comments).
Parameter ΛCDM EDE EDE+SDs
100ωb 2.253± 0.014 2.285+0.022−0.024 2.261± 0.018
ωcdm 0.1183
+0.00089
−0.00091 0.1295
+0.0039
−0.0040 0.1245
+0.0028
−0.0036
100 θs 1.0421± 0.00029 1.0415+0.00041−0.00038 1.0417+0.00036−0.00034
10
9
As 2.121
+0.030
−0.034 2.153
+0.034
−0.033 2.116
+0.028
−0.029
ns 0.9692± 0.0038 0.9873+0.0069−0.0080 0.9724+0.0030−0.0032
τreio 0.0606
+0.0071
−0.0081 0.0594
+0.0073
−0.0085 0.0538
+0.0069
−0.0073
log10(zc) - 3.65
+0.13
−0.18 3.559
+0.078
−0.177
fEDE(zc) - 0.103
+0.035
−0.029 < 0.095
Θi - 2.640
+0.454
−0.010 > 0.40
H0 68.20± 0.54 71.2+1.0−1.1 69.41+0.63−0.75
Table I: Mean and 1σ uncertainty of the cosmological param-
eters of the models considered in this work, i.e., ΛCDM (first
column) and EDE (second and third column), for different
combination of data sets, i.e., the same data sets listed in
Sec. III A of [8] (first and second column) and with the ad-
dition of the proposed SD mission PRISM (third column).
Upper and lower limits are given at 95% CL.
Tab. I and Fig. 3 therein). We adopt the very same con-
ventions and use the same combination of Planck [1]+
BAO [76–78]+SH0ES [2]+Supernovae [79] data as de-
scribed in Sec. III A of the reference, with the only dif-
ference being that we employ Planck 2018 rather than
Planck 2015 data. The results of our MCMC runs are
listed in Tab. I (first two columns) and the posterior dis-
tributions of a selection of the parameters most signifi-
cant for our discussion are shown in Fig. 2 (red and blue
contours). The agreement with the results presented in
Tab. I of [8] is very good, as expected.
On the other hand, in order to forecast the impact
of SDs we include a mock likelihood of the proposed SD
mission PRISM [80] to the full sample of probes (see e.g.,
[52, 81, 82] for more details on mock likelihoods in general
and on the numerical implementation). For this mission
we assume a constant frequency resolution of 15 GHz in
the range [30 GHz− 1 THz], with an uncorrelated noise
of 5× 10−27 W/m2/Hz/sr for each resulting bin (one or-
der of magnitude better than in the case of the PIXIE
mission [83]). As a choice, we match the fiducial values to
the mean values of the ΛCDM case presented in Tab. I,
which corresponds to assuming that the hypothetical SD
measurement perfectly confirms the ΛCDM prediction.
In this way, the effect of adding an SD mission will result
in both a reduction of the shifts in the means of the cos-
mological parameters when going from ΛCDM to EDE
and a shrinking of the EDE posterior distributions.3
3
Alternatively, one could have chosen as fiducial values the EDE
means, which would have resulted only in a reduction of the un-
certainties on the parameters, with no change in the mean values.
The choice we make here has the advantage of highlighting more
explicitly the role of SDs. We check, however, that the result-
ing uncertainties on the parameters involved are only marginally
affected by the assumption made for the fiducial values.
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Figure 2: Posterior distributions (68% and 95% CL) of a selection of the cosmological parameters of the models considered in
this work, i.e., ΛCDM (red) and EDE (blue and orange), for different combination of data sets, i.e., the same data sets listed
in Sec. III A of [8] (red and blue) and with the addition of the proposed SD mission PRISM (orange). The gray vertical bands
correspond to the H0 value reported by the SH0ES collaboration (68% and 95% CL).
As also done in [52, 55], in the SD likelihood we ne-
glect galactic and extra-galactic foreground contamina-
tions, which typically worsen the results by roughly one
order of magnitude [84]. In our case this is not a prob-
lem since it simply means that a more futuristic mission
than PRISM, such as the recently proposed Voyage 2050
mission [54], would be able to achieve the same results.
However, we do marginalize over the contributions from
reionization and late-time sources, which is as to say that
we neglect the information stored in the “primordial”
y distortions.
The results for the EDE run including the addition of
the SD mission are listed in Tab. I (third column) and
a selection of the most relevant parameters is shown in
Fig. 2 (orange contours). By comparing the EDE poste-
rior distributions with and without SDs it is immediately
evident that, as expected, the degeneracy between ns and
fEDE is severely constrained. In turn, also the broadness
of the H0 contour is reduced to the point where it is not
compatible with the SH0ES value any more (gray ver-
tical bands in Fig. 2). This suggests several interesting
conclusions.
First of all, it fully confirms the aforementioned ex-
pectation that a future SD measurement will provide an
additional powerful anchor to help constraining a whole
class of models that introduce significant early-time mod-
ifications to the ΛCDM model (with particular emphasis
to shifts in the scalar spectral index) in order to mean-
ingfully address the H0 − rs tension and to avoid the
very stringent CMB anisotropy constraints at the same
time. Moreover, while this is certainly true with respect
to current probes, as shown in Fig. 2, the same conclu-
sion also applies in relation to future CMB anisotropy
observations. Indeed, although other upcoming missions
such as CMB-S4 [37, 38] would already be able to im-
pose constraints on H0 of similar magnitude to the ones
presented in Tab. I for the EDE scenario (see Tab. VI
of [8] for a quantitative comparison), in this case SDs
would still provide a completely independent, and thus
very valuable, cosmological probe. This introduces an
additional layer of importance to the synergy between
CMB SDs and anisotropies [50, 52, 54, 55, 80].
Secondly, the analysis presented here implies that an
SD mission with PRISM-like sensitivities (assuming a
perfect control over foreground contaminations) would
already be enough to significantly contribute to the con-
straining of the aforementioned models.
Finally, on a more general note, a key result of this
letter is that SDs are an extremely versatile tool, able
to probe cosmological scenarios well beyond straightfor-
ward energy injections in the CMB photon bath or mod-
ifications of the PPS. They can provide extremely valu-
able information on a vast variety of cosmological models
and their future observation might uncover yet unknown
physics, with relevance ranging from the very early to the
very late universe.
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